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(57) ABSTRACT

In order to acquire high resolution ultrasound images while
maintaining an appropriate frame rate in ultrasound diagnos-
tic devices, the disclosed method generates high resolution
ultrasound images by performing image reconstruction on the
basis of multiple ultrasound frame images captured along a
time series and the magnitudes of positional shifts, or forms
high resolution ultrasound images by performing image
reconstruction on the basis of multiple ultrasound frame
images acquired by controlling the ultrasound probe and
varying scan orientation or scan focal length frame by frame.
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ULTRASOUND DIAGNOSTIC DEVICE AND
METHOD OF GENERATING AN
INTERMEDIARY IMAGE OF ULTRASOUND
IMAGE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/703,961, filed on Dec. 13, 2012,
which is a U.S. National Stage patent application under 35
U.S.C. §371 of International Patent Application No. PCT/
IP2011/061436, filed on May 18,2011, which claims priority
of Japanese Patent Application No. 2010-159771, filed on Jul.
14, 2010, the entire contents of each of which are hereby
incorporated by reference.

TECHNICAL FIELD

[0002] The present invention relates to an ultrasound diag-
nostic device which acquires images by transmitting and
receiving an ultrasonic wave to/from a test object. In particu-
lar, the present invention relates to an ultrasound image recon-
struction method, an ultrasound image reconstruction device
and an ultrasound diagnostic device for conducting a process
for enhancing the spatial resolution or the temporal resolution
to the acquired images by means of image processing.

BACKGROUND ART

[0003] Ultrasound diagnostic devices are used for the
inspection of various parts in the body such as the abdomen
and the heart. The ultrasound diagnostic devices, having
advantages like harmlessness to living tissues in contrast to
X-ray inspection, simple and easy operation, and possibility
of video observation in real time, are widely used today. In the
ultrasound diagnostic device, an ultrasound probe emits an
ultrasonic wave toward the test object and receives a reflected
wave from a tissue inside the test object. Based on the
received reflected wave, an ultrasound image of the tissue
(test object) is displayed on a monitor. In the capturing of
ultrasound images, it is possible to acquire two-dimensional
images or three-dimensional images in real time by scanning
aconverged ultrasonic wave (ultrasound beam converged in a
particular direction) with respect to the azimuth direction.
[0004] Since doctors have to find and diagnose minute
lesions (tumors, etc.) by observing ultrasound images by use
of ultrasound diagnostic devices, the ability to acquire ultra-
sound images with high visibility is required of the ultrasound
diagnostic devices. Further, the definition of display monitors
is improving fast especially in these years, and thus enhance-
ment of the resolution of ultrasound images is being
requested accordingly.

[0005] To meet the above request, it is possible to acquire a
high-resolution ultrasound image by increasing the resolu-
tion with respect to the scan azimuth direction by increasing
the number of scans of the ultrasound probe per frame. It is
also possible to generate a high-resolution image by conduct-
ing a deconvolution process to an acquired image for one
frame (one frame image) as described in Patent Literature 1.
A technique described in Non-patent Literature 1 is known as
an example of the deconvolution process, in which an ideal
ultrasound image with no deterioration is estimated from an
acquired ultrasound image through the modeling of image
blurring caused by the aberration of the ultrasound beam and
image deterioration caused by the sampling.

Oct. 1, 2015

[0006] In a method described in Patent Literature 2, the
body motion of the object under consideration (considered
object) in the imaging plane is measured by using ultrasound
images. Information varying with time (the shape of the con-
sidered object, tissue degradation, etc.) is visualized and dis-
played by adding up or subtracting time-line images while
compensating for the measured body motion.

PRIOR ART LITERATURE
Patent Literature
[0007] Patent Literature 1: JP-2005-95328-A
[0008] Patent Literature 2: WO 2006/123742
Non-Patent Literature
[0009] Non-patentLiterature 1: T. Taxt, R. Jirik: Superreso-

lution of ultrasound images using the first and second har-
monic signal, IEEE Trans. Ultrasonics, Ferroelectrics, and
Frequency Control, Vol. 51, No. 2, pp. 163-175, 2004

SUMMARY OF THE INVENTION

Problem to be Solved by the Invention

[0010] However, even though the above method increasing
the number of scans per frame is capable of acquiring high-
resolution ultrasound images, the method involves a problem
of decreasing the display frame rate since the time necessary
for acquiring one frame image increases due to an increase in
the propagation time of the ultrasonic wave. This leads to an
insufficient frame rate and a hitch in the diagnosis especially
in the observation of fast-moving parts (e.g., heart). Mean-
while, some problems have been known in regard to the
aforementioned deconvolution process, such as occurrence of
unnatural artifacts to images having much noise. Therefore,
the resolution enhancement effect cannot be expected so
much when the acquired ultrasound image includes much
noise.

[0011] The method described in the Patent Literature 2 is
capable of extracting and visualizing information varying
with time from time-line images. However, the Patent Litera-
ture 2 has not described a method for acquiring high-resolu-
tion ultrasound images.

[0012] As described above, it has been difficult in the con-
ventional technology to acquire high-resolution ultrasound
images while maintaining an appropriate frame rate.

[0013] Tt is therefore the primary object of the present
invention to resolve the above problem with the conventional
technology and provide an ultrasound image reconstruction
method capable of acquiring high-resolution ultrasound
images while maintaining an appropriate frame rate, a device
for implementing the ultrasound image reconstruction
method, and an ultrasound diagnostic device employing such
a device.

Means for Solving the Problem

[0014] To achieve the above object, the present invention
provides an ultrasound image reconstruction method for
reconstructing an ultrasound image ofa sample by processing
ultrasound images acquired from a signal generated by scan-
ning the sample with an ultrasound signal by use of an ultra-
sound probe and receiving a reflected wave from the sample,
comprising the steps of: extracting an ultrasound frame image
atacertain time point and an ultrasound frame image at a time
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point before the certain time point from a series of ultrasound
frame images constituting the ultrasound images acquired by
the imaging; calculating magnitudes of positional shifts
between the extracted ultrasound frame image at the certain
time point and the extracted ultrasound frame image at the
time point before the certain time point; and reconstructing a
composite ultrasound image for one frame by compensating
for the positional shifts between the extracted ultrasound
frame image at the certain time point and the extracted ultra-
sound frame image at the time point before the certain time
point by use of information on the calculated magnitudes of
positional shifts and merging the extracted ultrasound frame
image at the certain time point and the extracted ultrasound
frame image at the time point before the certain time point
after undergoing the positional shift compensation together.
By successively repeating the above process, high-resolution
ultrasound images, having higher resolution than the ultra-
sound images acquired by imaging the sample, are generated
without decreasing the frame rate from that of the ultrasound
images.

[0015] To achieve the above object, an ultrasound image
reconstruction device in accordance with the present inven-
tion is configured to comprise: reception circuit means which
receives a reflected wave signal generated by scanning a
sample with an ultrasound probe and receiving a reflected
wave from the sample; image generating means which gen-
erates ultrasound images from the reflected wave signal
received by the reception circuit means; image processing
means which executes a reconstruction process to the ultra-
sound images generated by the image generating means; and
display means which displays an ultrasound image obtained
by the reconstruction process by the image processing means
on a screen. The image processing means extracts an ultra-
sound frame image at a certain time point and an ultrasound
frame image at a time point before the certain time point from
a series of ultrasound frame images constituting the ultra-
sound images generated by the image generating means, cal-
culates magnitudes of positional shifts between the extracted
ultrasound frame image at the certain time point and the
extracted ultrasound frame image at the time point before the
certain time point, and reconstructs a composite ultrasound
image for one frame by compensating for the positional shifts
between the extracted ultrasound frame image at the certain
time point and the extracted ultrasound frame image at the
time point before the certain time point by use of information
on the calculated magnitudes of positional shifts and merging
the extracted ultrasound frame image at the certain time point
and the extracted ultrasound frame image at the time point
before the certain time point after undergoing the positional
shift compensation together. By successively repeating the
above process, high-resolution ultrasound images, having
higher resolution than the ultrasound images generated by the
image generating means, are reconstructed without decreas-
ing the frame rate from that of the ultrasound images.

[0016] To achieve the above object, an ultrasound diagnos-
tic device in accordance with the present invention is config-
ured to comprise: an ultrasound probe which scans a sample
with an ultrasound signal and receives a reflected wave from
the sample; a drive circuit unit which generates a high-fre-
quency signal for driving the ultrasound probe; an ultrasound
image reconstruction processing unit which generates ultra-
sound images by processing the reflected wave received by
the ultrasound probe and executes a reconstruction process to
the generated ultrasound images; and a control/storage/pro-
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cessing unit which controls the entire device while storing
and processing data. The ultrasound image reconstruction
processing unit includes reception circuit means which
receives the reflected wave signal received by the ultrasound
probe, image generating means which generates ultrasound
images from the reflected wave signal received by the recep-
tion circuit means, image processing means which executes
the reconstruction process to the ultrasound image generated
by the image generating means, and display means which
displays an ultrasound image obtained by the reconstruction
process by the image processing means on a screen. The
image processing means extracts an ultrasound frame image
atacertain time point and an ultrasound frame image at a time
point before the certain time point from a series of ultrasound
frame images constituting the ultrasound images generated
by the image generating means, calculates magnitudes of
positional shifts between the extracted ultrasound frame
image at the certain time point and the extracted ultrasound
frame image at the time point before the certain time point,
and reconstructs a composite ultrasound image for one frame
by compensating for the positional shifts between the
extracted ultrasound frame image at the certain time point and
the extracted ultrasound frame image at the time point before
the certain time point by use of information on the calculated
magnitudes of positional shifts and merging the extracted
ultrasound frame image at the certain time point and the
extracted ultrasound frame image at the time point before the
certain time point after undergoing the positional shift com-
pensation together. By successively repeating the above pro-
cess, high-resolution ultrasound images, having higher reso-
lution than the ultrasound images generated by the image
generating means, are reconstructed without decreasing the
frame rate from that of the ultrasound images.

Effect of the Invention

[0017] According to the present invention, by employing
the image reconstruction process by use of multiple frame
images, the resolution enhancement of the ultrasound images
is realized without decreasing the frame rate. Further, the
resolution enhancement effect can be increased by employing
a suitable ultrasound probe scanning method for the image
reconstruction process. Consequently, high-resolution ultra-
sound images can be acquired while maintaining an appro-
priate frame rate. Especially, improvement in the visibility of
lesions moving fast can be expected.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1is ablock diagram showing the configuration
of an ultrasound diagnostic device for implementing the
present invention.

[0019] FIG. 2is a block diagram showing the configuration
of another ultrasound diagnostic device for implementing the
present invention.

[0020] FIG. 3 is a flow chart for executing an image recon-
struction process by using multiple frame images and mag-
nitudes of positional shifts.

[0021] FIG. 4is a flow chart showing a case where the flow
of FIG. 3 is equipped with a storage device.

[0022] FIG.5Aisa front view of ultrasound images thatare
obtained by converting ultrasound images acquired at times
t-3, t-2, t-1 and t into fan-shaped images with a scan con-
verter by employing the configuration shown in FIG. 2.
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[0023] FIG. 5B is a front view of an ultrasound image
showing an example of the result of the image reconstruction
process executed to the ultrasound image 502-505 shown in
FIG. 5A.

[0024] FIG.5C is aschematic diagram showing an example
of the result of the image reconstruction process (before the
scan converter) executed to ultrasound images acquired at
times t-3, t-2, t-1 and t by employing the configuration
shown in FIG. 1.

[0025] FIG. 5D is a front view of an ultrasound image
showing an example of the result of the image reconstruction
process executed to the ultrasound image 507-510 shown in
FIG. 5C.

[0026] FIG.6Aisa front view of ultrasound images that are
obtained by converting ultrasound images acquired at times
t-2, t-1 and tinto fan-shaped images with the scan converter
by employing the configuration shown in FIG. 2.

[0027] FIG. 6B is a schematic diagram showing a state in
which region splitting has been performed based on the mag-
nitudes of positional shifts and weighting parameters of the
image reconstruction process have been set in an ultrasound
image 602 acquired at time t-2.

[0028] FIG. 6C is a schematic diagram showing a state in
which the region splitting has been performed based on the
magnitudes of positional shifts and the weighting parameters
of the image reconstruction process have been set in an ultra-
sound image 603 acquired at time t-1.

[0029] FIG. 6D is a schematic diagram showing a state in
which the region splitting has been performed based on the
magnitudes of positional shifts and the weighting parameters
of the image reconstruction process have been set in an ultra-
sound image 604 acquired at time t.

[0030] FIG. 6E is a schematic diagram showing the result
of the calculation of the magnitudes of positional shifts
between the ultrasound image 604 and 603.

[0031] FIG. 7is a flow chart for estimating an image of an
intermediate frame on the temporal axis from captured
images.

[0032] FIG. 8A is a schematic diagram showing the result
of the calculation of the magnitudes of positional shifts
between an ultrasound image 802 at time t-1 and an ultra-
sound image 803 at time t.

[0033] FIG. 8B shows front views of ultrasound images
802 and 803 obtained by converting ultrasound images
acquired at times t-1 and t into fan-shaped images with the
scan converter and an ultrasound image 804 of the interme-
diate frame estimated by the flow of FIG. 7.

[0034] FIG. 8C is a schematic diagram showing the mag-
nitudes of positional shifts at time t-At estimated from the
ultrasound images acquired at times t-1 and t.

[0035] FIG.9is aflow chart for executing the image recon-
struction process by using ultrasound images captured by
changing the scan condition frame by frame.

[0036] FIG.10A is a cross-sectional view of the ultrasound
probe showing the changing of the scan orientation frame by
frame.

[0037] FIG.10Bisa front view ofan ultrasound image after
the scan converter, showing an example of merging images
captured by changing the scan orientation frame by frame in
the flow of FIG. 9.

[0038] FIG. 10C is a front view of an ultrasound image
before the scan converter, showing an example of merging
images captured by changing the scan orientation frame by
frame in the flow of FIG. 9.
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[0039] FIG. 11 is a cross-sectional view of the ultrasound
probe showing an example of changing the scan orientation
for three frames.

[0040] FIG. 12A is a cross-sectional view of the ultrasound
probe showing a state in which the scan range is changed
frame by frame.

[0041] FIG. 12B is a front view of an ultrasound image
showing an example of merging images captured by changing
the scan range frame by frame.

[0042] FIG. 13 A is a cross-sectional view of the ultrasound
probe showing a state in which the scan focal length is
changed frame by frame.

[0043] FIG. 13B is a front view of an ultrasound image
showing an example of merging images captured by changing
the scan focal length frame by frame.

[0044] FIG. 14A is a front view of an ultrasound image
showing an example of a region to be scanned densely speci-
fied by the user on the ultrasound image.

[0045] FIG. 14B is a cross-sectional view of the ultrasound
probe showing an example of densely scanning the region
specified by the user.

[0046] FIG. 15 is a flow chart for executing the image
reconstruction process by using ultrasound images captured
by changing the scan condition frame by frame by taking
advantage of periodicity of the movement of the test object.
[0047] FIG. 16 is a front view of ultrasound images show-
ing an example of capturing iso-phase frame images (frame
images having the same temporal phase in cycles) under
different scan conditions.

[0048] FIG. 17 is a schematic diagram showing a GUI used
for executing the image reconstruction process to the ultra-
sound images (acquired by changing the scan condition from
frame by frame) and for setting parameters of the image
reconstruction process.

[0049] FIG. 18 is a schematic diagram showing a GUI used
fora process for enhancing the resolution of aregion specified
by the user and for setting parameters.

[0050] FIG. 19 is a schematic diagram showing a GUI used
for a process for estimating an intermediate frame image on
the temporal axis from captured images and for setting
parameters.

[0051] FIG. 20 is a schematic diagram showing a GUI used
for executing the image reconstruction process to ultrasound
images captured by changing the scan condition by taking
advantage of the cycle of the movement of the test object and
for setting parameters.

[0052] FIG. 21 is a block diagram showing the configura-
tion of an image reconstruction processing device for imple-
menting the present invention.

[0053] FIG. 22 is a block diagram showing the configura-
tion of another image reconstruction processing device for
implementing the present invention.

[0054] FIG. 23 is a flow chart of the image reconstruction
process using multiple frame images.

[0055] FIG. 24 is a flow chart for generating the interme-
diate frame image on the temporal axis from acquired ultra-
sound images.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0056] The present invention resolves the aforementioned
problem by employing an ultrasound image reconstruction
method including the processes described below, an ultra-
sound image reconstruction device equipped with the image
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reconstruction process, and an ultrasound diagnostic device
equipped with the image reconstruction process.

[0057] (1) The first case of this invention is that one high-
resolution ultrasound image is generated from a plurality of
ultrasound images acquired along a time series (ultrasound
image group) by employing an image reconstruction process.
Specifically, an image reconstruction process suppressing the
effect of noise is realized by generating one high-resolution
ultrasound image by using multiple frames of ultrasound
images (multiple ultrasound frame images) without execut-
ing the image reconstruction process by using one frame of
ultrasound image (one ultrasound frame image). Further, by
the use of multiple frame images for the image reconstruction
process, complementary synthesis of the image information
on each frame becomes possible, achieving excellent effect in
the resolution enhancement.

[0058] Concretely, in the present invention, an ultrasound
image at a particular temporal phase as the object of the
processing (processing object image) and ultrasound images
to be inputted to the image reconstruction process (input
images) are extracted first. Subsequently, magnitudes of posi-
tional shifts are calculated for the processing object image
and each of the input images. A high-resolution processing
object image is generated from the input ultrasound images
and the magnitudes of positional shifts by employing the
image reconstruction process. Specifically, by previously cal-
culating the magnitudes of positional shifts between frames
and using the calculated magnitudes of positional shifts for
the image reconstruction process, influence of image blurring
that is caused by positional shifts occurring in the simple
frame averaging (arithmetic mean) can be suppressed. Fur-
ther, region splitting is conducted to the processing object
image and a weighting parameter of the image reconstruction
process is set for each of the regions acquired by the splitting.
[0059] The region splitting can either be conducted in a
manually given region or performed automatically based on
the magnitudes of positional shifts. Incidentally, this process-
ing is characterized in that an image in a region (regional
image) having a larger weighting parameter is incorporated
more into the result of the image reconstruction process. For
example, a point where the magnitude of positional shift is
large has a high probability that parts around the point have
deformed significantly, and thus there are cases where execut-
ing the image reconstruction process by compensating for the
deformation is difficult. In such cases, regions in which the
positional shift compensation is difficult are assigned small
weighting parameters according to the present invention. In
such regions, the image data of the processing object image
becomes dominant. Thus, according to the present invention,
regions in which the image reconstruction process is highly
effective can be extracted automatically and the resolution
enhancement can be performed on such regions even in the
observation of a part moving fast (e.g., heart).

[0060] (2) The second case of this invention is that by using
ultrasound images acquired by conducting the image captur-
ing at the image acquisition intervals and the magnitudes of
positional shifts between images calculated by a method
similar to the above case (1), estimating an ultrasound image
that is supposed to be acquired by conducting the image
capturing with timing shifted from the capturing timing of the
processing object image (ultrasound image as the object of
the image reconstruction process) by a time shorter than the
image acquisition interval (time interval specified along the
time series). While the above case (1) is a process for increas-

Oct. 1, 2015

ing the spatial resolution, this case (2) is a process for increas-
ing the resolution in the temporal direction by estimating
frame images between the acquired frame images. According
to this case, the frame rate can be increased without decreas-
ing the number of scans per frame (i.e., without deteriorating
the spatial resolution of images).

[0061] (3) The third case of this invention is that since the
image reconstruction process using multiple frames is a pro-
cess of complementarily synthesizing the image information
on each frame as mentioned in the explanation of the above
case (1), the resolution enhancement effect is weak if sub-
stantially identical images are inputted to the image recon-
struction process. In contrast, an aspect of the present case is
characterized in that ultrasound images differing in the scan
condition are acquired by controlling the ultrasound probe
and the image reconstruction process is executed by using the
ultrasound images acquired under different scan conditions.
Specifically, changing the scan condition allows the ultra-
sound images to contain a substantial amount of complemen-
tary information, by which the resolution enhancement effect
by the image reconstruction process can be increased. Usable
scan conditions may include the interlace method which
alternately switches between image acquisition exclusively
in even-numbered scan orientations and image acquisition
exclusively in odd-numbered scan orientations frame by
frame. In regions in which the movement is small, the reso-
lution enhancement can be achieved just by simply overlay-
ing images acquired by the interlace method.

[0062] Incontrast, when the movement of the test object is
large (e.g., heart), an image shift called “jitter” can occur at
the interfaces between images. Also for such jitter, a process
of synthesizing seamless frame images can be realized by
conducting a compensation process by using the magnitudes
of positional shifts. This method can be implemented also for
three or more frames in a similar manner.

[0063] A method switching the scan focal length frame by
frame can also be employed as another scan method. Specifi-
cally, if the focal point of the ultrasound beam during the scan
is restricted to a particular position, the images of the other
parts are blurred even though a sharp and clear image can be
acquired for the particular position where the beam is con-
verged. Therefore, the tight-focused image area can be
increased by merging (combining) multiple ultrasound
images acquired by changing the scan focal length frame by
frame. Incidentally, this method is capable of increasing the
spatial resolution of images without deteriorating the frame
rate since the number of scans per frame is not increased in
this method.

[0064] (4) The fourth case of this invention is that the cycle
of the movement of the part as the observation object is
acquired, the image reconstruction process is employed for
ultrasound images (ultrasound image group) acquired by
executing the image capturing for a time range (image cap-
turing time range) longer than or equal to twice the cycle, and
ultrasound images within a time range shorter than the image
capturing time range are generated by the image reconstruc-
tion process. In this case, the ultrasound probe is controlled so
that each image in the ultrasound image group (object image)
and an image captured substantially the cycle before the
capturing time of the object image (past object image) are
captured under different scan conditions. Since a part like the
heart repeats periodical movement, ultrasound images of
such a part captured at times at the same temporal phase in the
repeated cycles become substantially identical with each
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other. Thus, for the same reason as that described in the
explanation of the above case (3), the resolution enhancement
effect cannot be expected so much even if a lot of substan-
tially identical images are inputted to the image reconstruc-
tion process.

[0065] In contrast, the image capturing of the aforemen-
tioned object image and that of the aforementioned past
objectimage in the present case are carried out under different
scan conditions by changing the scan condition, by which the
ultrasound images are allowed to contain a substantial
amount of complementary information and the resolution
enhancement effect by the image reconstruction process can
be increased. The scan orientation, the scan range, the scan
focal length, etc. may be changed as the scan condition.
[0066] Referring now to the drawings, a description will be
given in detail of a preferred embodiment in accordance with
the present invention.

[0067] First, the configuration of an ultrasound diagnostic
device in accordance with the present invention will be
described below with reference to FIGS. 1 and 2.

[0068] FIG.1isablock diagram showing an example of the
configuration of the ultrasound diagnostic device 101. The
ultrasound diagnostic device 101 comprises an ultrasound
probe 103 which transmits and receives ultrasound signals, a
driving circuit 102 which generates a driving signal to be
inputted to the ultrasound probe 103, a reception circuit 104
which conducts amplification and A/D conversion to received
signals, an image generating unit 105 which generates an
image in which a scan line signal sequence of the ultrasound
scan is arranged in a two-dimensional array, an image pro-
cessing unit 106 which performs image processing such as
the image reconstruction process, a scan converter 112 which
conducts a coordinate transformation process and an interpo-
lation process to images represented by the scan line signal
sequences, a display unit 113 which displays images gener-
ated by the scan converter, and a control/storage/processing
unit 120 which controls all the above components while stor-
ing and processing data.

[0069] The ultrasound probe 103 transmits an ultrasound
signal based on the driving signal toward a test object 100.
The ultrasound probe 103 also receives a reflected wave from
the test object 100 in response to the signal transmission and
converts the received reflected wave into an electric reception
signal. There are various types of ultrasound probes 103, such
as the so-called linear type, convex type, sector type and
radial type. When the ultrasound probe 103 of the convex type
is used, for example, an image in a rectangular shape is
converted by the scan converter 112 into an image in a fan-
like shape. The control/storage/processing unit 120 includes
an input unit 121, a control unit 122, a storage unit 123 and a
processing unit 124. From the input unit 121, information on
the timing for starting the image generation, parameters
regarding the image generation, etc. are inputted.

[0070] The control unit 122 controls the operations of the
driving circuit 102, the ultrasound probe 103, the reception
circuit 104, the image processing unit 106, and so forth. The
storage unit 123 stores the received signals (reception sig-
nals), the images generated by the image generating unit 105,
images generated by calculation by the image processing unit
106, display images outputted by the scan converter 112, etc.
The processing unit 124 performs a shaping process on the
electric signal to be inputted to the ultrasound probe 103, a
process of adjusting the brightness and the contrast in the
displaying of the images, etc.
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[0071] Inthe configuration described above, the ultrasound
probe 103 transmits the ultrasound signal based on the driving
signal controlled by the control unit 122 of the control/stor-
age/processing unit 120 to the test object 100, receives the
reflected wave from the test object 100 in response to the
signal transmission, and converts the received reflected wave
into the electric reception signal. Subsequently, the reception
circuit 104 conducts amplification and A/D conversion to the
reception signal converted to the electric signal. The image
generating unit 105 generates images by processing the digi-
tal signal acquired by the A/D conversion and inputs the
generated images to the image processing unit 106. The
image processing unit 106 executes the image reconstruction
process to the inputted images, by which a high-resolution
output image is acquired.

[0072] Further, the scan converter 112 conducts the image
coordinate transformation process and the interpolation pro-
cess to the output image and thereby generates an image.
Incidentally, the configuration of the ultrasound diagnostic
device 101 is not restricted to this example. For example, the
image processing unit 106 may also be arranged after the scan
converter 112 as illustrated in the configuration of an ultra-
sound diagnostic device 201 in FIG. 2.

[0073] FIGS. 21 and 22 are block diagrams showing the
internal processing by the image processing unit 106. The
image data outputted from the image generating unit 105 is
first inputted to an ultrasound image group acquiring umit
2101, by which a frame image of the inputted image data is
stored in the storage unit 123 of the control/storage/process-
ing unit 120 and is also transmitted to a positional shift cal-
culation unit 2102. The frame image transmitted from the
ultrasound image group acquiring unit 2101 and a past frame
image group (past frame images) stored in the storage umt
123 are inputted to the positional shift calculation unit 2102,
by which the magnitudes of positional shifts are calculated.
[0074] Subsequently. the past frame image group stored in
the storage unit 123, the current frame image and the magni-
tudes of positional shifts are inputted to an image reconstruc-
tion processing unit 2103, by which a high-resolution current
frame image is outputted. FIG. 22 shows another example of
the internal processing by the image processing unit 106. In
the example of FIG. 22, the scan orientation or the focal
length of the ultrasound beam is set by a scan condition
selecting unit 2201 and the ultrasound images are captured
according to the scan condition. Thereafter, the image recon-
struction process is executed similarly to the processing
shown in FIG. 21.

Example 1

[0075] An example of the image reconstruction process in
the present invention will be described below referring to a
flow chart of FIG. 3. First, an ultrasonic wave is emitted
toward the test object 100 by use of the ultrasound probe 103
and a reflected wave from a tissue inside the test object 100 is
detected by the ultrasound probe 103. The detected signal is
sent to the image generating unit 105 via the reception circuit
104 and processed by the image generating unit 105, by
which ultrasound images (ultrasound image group) X[t],
X[t-1], X[t-2], . . . captured along a time series are acquired
(S301). Here, X[t] represents an ultrasound image captured
last, and X[t-1], X[t-2]. . . . represent ultrasound images
captured before the ultrasound image X[t].

[0076] The ultrasound images acquired along the time
series are sent to the image processing unit 106 and inputted
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to the ultrasound image group acquiring unit 2101 of the
image processing unit 106, by which each of the frame
images is stored in the storage unit 123 of the control/storage/
processing unit 120. Subsequently, the positional shift calcu-
lation unit 2102 extracts an ultrasound image as the object of
the image reconstruction process (processing object image)
from the ultrasound images outputted from the ultrasound
image group acquiring unit 2101 and also extracts ultrasound
images to be inputted to the image reconstruction process
(input images (input image group)) from the frame images
stored in the storage unit 123 of the control/storage/process-
ing unit 120.

[0077] For example, the ultrasound image X[t] outputted
from the ultrasound image group acquiring unit 2101 is
extracted as the processing object image, and the ultrasound
images X[t], X[t=1] and X[t-2] stored in the storage unit 123
are extracted as the input image group. Subsequently, the
positional shift calculation unit 2102 calculates the magni-
tudes of positional shifts between the processing object image
and each image in the input image group (S302). The mag-
nitudes of positional shifts can be calculated by employing
common algorithm for the positional shift calculation such as
the optical flow method and the block matching method.
Then, a high-resolution processing object image Y[t] is gen-
erated by the image reconstruction processing unit 2103 from
the input image group and the calculated magnitudes of posi-
tional shifts (S303) and displayed on the screen of the display
unit 113 (S304).

[0078] By previously calculating the magnitudes of posi-
tional shifts between frames and using the calculated magni-
tudes of positional shifts for the image reconstruction process
as above, image blurring effect that is caused by positional
shifts occurring in the simple frame averaging (arithmetic
mean) can be suppressed. For the image reconstruction pro-
cess using a plurality of images, a reconstruction-based
super-resolution process, estimating the high-resolution
image by minimizing the value of the following expression
(1), can be employed, for example.

L= Y IDES Y-X)+4(1Y-T,Y1+|Y-T, 1) )

[0079] In the above expression (1), “Xi” denotes the i-th
image in the input image group (including N images), “Y”
denotes the high-resolution image generated by the image
reconstruction process, “Si” denotes an operation (effect)
representing the positional shifts of the i-th image, “Fi”
denotes an operation (effect) representing the blurring of the
i-th image, “D” denotes an operation (effect) due to the quan-
tization, “Tx” denotes an operation (effect) shifting the image
in the X direction by 1 pixel, and “Ty” denotes an operation
(effect) shifting the image in the Y direction by 1 pixel.

[0080] The first term in the expression (1) is a term repre-
senting the error between the high-resolution image Y
observed while being affected by various image deteriorating
factors and each image Xi. The second term is a term stabi-
lizing the reconstructed high-resolution image Y to have
smooth luminance values. The stabilization term is adjusted
by the parameter y. By generating one high-resolution ultra-
sound image by using multiple frames of ultrasound images
(multiple ultrasound frame images) as described above
instead of executing the image reconstruction process by
using one frame of ultrasound image (one ultrasound frame
image), an image reconstruction process suppressing the
effect of noise is realized. Further, by the use of multiple
frame images, complementary synthesis of the image infor-
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mation on each frame becomes possible, achieving excellent
effect in the resolution enhancement.

[0081] Theflow ofthe image reconstruction process will be
explained below referring to FIG. 23. The reference character
2301 represents the high-resolution ultrasound image Y
which should be estimated by the image reconstruction pro-
cess. The reference characters 2306-1 and 2306-2 represent
the acquired first and second frames of ultrasound images
(first and second ultrasound frame images), respectively. By
using the calculated magnitudes of positional shifts of the first
and second frames, the positional shift operation is performed
on the image 2301 (S2302-1, S2302-2). Subsequently, the
image blurring operation due to the image capturing is per-
formed (S2303-1, S2303-2) and the image quantization
operation is performed (S2304-1, S2304-2). The difference
between each image DFiSiY acquired by the above process
and each captured image Xi is calculated (S2305-1, S2305-2)
and the sum Ln(Y) of the differences is calculated (S2308).
Then, the image Y is updated so as to reduce the value of
La(Y) (S2310). By repeating the above process until the
difference between the currently obtained Ln(Y) and the pre-
viously obtained Ln-1(Y) falls within a prescribed value, one
high-resolution ultrasound image can be generated from mul-
tiple frames of ultrasound images.

[0082] Incidentally, the process flow shown in FI1G. 3 can
also be performed as shown in FIG. 4 in the actual processing.
In the flow shown in F1G. 4, the ultrasound images of the test
object 100 generated by the image generating unit 105 are
previously stored in the storage unit 123 of the control/stor-
age/processing unit 120 and the stored ultrasound images
X[t], X[t-1] and X[t-2] are used for the image reconstruction
process, for example. It is also possible to generate high-
resolution video (motion video) data by conducting the reso-
lution enhancement offline to the images accumulated in the
storage unit 123 all at once.

[0083] The flow of the process shown in FIG. 4 will be
explained below. First, an ultrasonic wave is emitted toward
the test object 100 by use of the ultrasound probe 103 and a
reflected wave from a tissue inside the test object 100 is
detected by the ultrasound probe 103. The detected signal is
sent to the image generating unit 105 via the reception circuit
104 and processed by the image generating unit 105, by
which ultrasound images X[t], X[t-1], X[t-2], . . . are
acquired (S401). The acquired ultrasound images X[t], X[t-
1], X[t-=2], . . . are stored in the storage unit 123 of the
control/storage/processing unit 120.

[0084] Subsequently. the ultrasound image group acquiring
unit 2101 of the image processing unit 106 acquires the pro-
cessing object image and the input image group (input
images) from the ultrasound images X[t], X[t-1], X[t=2], . ..
stored in the storage unit 123, and the positional shift calcu-
lation unit 2102 calculates the magnitudes of positional shifts
between the acquired processing object image and each
image in the acquired input image group (S402).

[0085] Then, a high-resolution processing object image
Y][t] is generated by the image reconstruction processing unit
2103 from the input image group and the calculated magni-
tudes of positional shifts (S403) and displayed on the screen
of the display unit 113 (S404).

[0086] The above sequence of steps is executed repeatedly
until the image capturing is finished (S405).

[0087] An examples of the resolution enhancement of an
ultrasound images according to the process flow of FIG. 4 is
shown in FIGS. 5A-5D. In FIG. 5A, the images 502-505 are
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the ultrasound images acquired at times t=3, t-2, t-1 and t
along the temporal axis 501, respectively. The reference char-
acter 506 in FIG. 5B represents the image obtained by per-
forming the resolution enhancement on the ultrasound image
505 (acquired at the time t) by the image reconstruction
process by using the images 502-505 shown in FIG. 5A. In
this example, the image data acquired from the ultrasound
probe 103 are converted by the scan converter 112 into fan-
shaped images and the process is executed by using the fan-
shaped images (obtained by the conversion) as the ultrasound
images (an example of the process in the device configuration
shown in FIG. 2).

[0088] This example is also applicable to the device con-
figuration shown in FIG. 1. In this case, a high-resolution
ultrasound image 511 (before the scan converter) shown in
FIG. 5D is generated from ultrasound images 507-510 (be-
fore the scan converter) shown in FIG. 5C. Similarly to the
above explanation referring to FIGS. 5A and 5B, the images
507-510 in FIG. 5C are ultrasound images acquired at times
t-3, t-2, t-1 and t along the temporal axis 501, respectively,
and the reference character 511 in FIG. 5D represents the
image obtained by performing the resolution enhancement on
the ultrasound image 510 (acquired at the time t) by the image
reconstruction process by using the images 507-510 shown in
FIG. 5C. By performing the coordinate transformation pro-
cess and the interpolation process with the scan converter
112, the high-resolution ultrasound image 511 obtained by
the resolution enhancement can be converted into the fan-
shaped image shown in FIG. 5B and displayed on the screen
of the display unit 113.

[0089] An example of conducting region splitting to the
ultrasound images based on the magnitudes of positional
shifts between images and setting a weighting parameter of
the image reconstruction process for each of the split regions
is shown in FIGS. 6A-6E. This example is characterized in
that an image in a region (regional image) having a larger
weighting parameter is reflected more into the result of the
image reconstruction process. For example, a point where the
magnitude of positional shift is large has a high probability
that parts around the point have deformed significantly, and
thus there are cases where executing the image reconstruction
process by compensating for the deformation is difficult. In
such cases, regions in which the positional shift compensa-
tion is difficult are assigned small weighting parameters
according to the present embodiment. In such regions, the
image data of the processing object image becomes domi-
nant. Thus, according to the present embodiment, regions in
which the image reconstruction process is highly effective
can be extracted automatically and the resolution enhance-
ment can be performed on such regions even in the observa-
tion of a part moving fast (e.g., heart).

[0090] The reference characters 602-604 in FIG. 6A repre-
sent ultrasound images captured along the temporal axis 601.
In this case, the ultrasound image 604 is assumed to be the
processing object image. The reference character 605 in FIG.
6F represents the result of the calculation of the magnitudes
of positional shifts between the ultrasound images 604 and
603. Each arrow 615 indicates the direction and the magni-
tude of the positional shift. The reference characters 606-608
in FIG. 6F represent the result of the splitting into three
regions based on the magnitudes of positional shifts. The
region 607 is the region in which the positional shift is the
largest, while the region 606 is the region in which the posi-
tional shift is the smallest. The reference characters 609 in
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FIG. 6B, 610 in FIG. 6C and 611 in FIG. 6D represent the
result of setting the weighting parameters of the image recon-
struction process based on the region splitting results 606-608
shown in FIG. 6E.

[0091] InFIGS. 6B-6D, regions 612-614 in which the posi-
tional shift is small have been assigned weighting parameters
0.3, 0.3 and 0.4, respectively. This means that the images of
the regions 612-614 shown in FIGS. 6B-6D are almost
equally incorporated into the image reconstruction result in
the image reconstruction process. For regions 615-617 in
FIGS. 6B-6D in which the positional shift is large, the weight-
ing parameter has been set at 0 except for the region 617 in
FIG. 6D. This means that only the image of the region 617 in
FIG. 6D is reflected into the image reconstruction result in the
image reconstruction process in regard to the region 607 in
FIG. 6E. Regions 618-620 in FIGS. 6B-6D have also been
assigned the weighting parameters in a similar manner.
[0092] Here, the image reconstruction process taking the
weighting parameters in consideration can be executed by
minimizing the value of the following expression (2):

LN=Z,.,N) W{DF S, =X +y(IY=-L.Y +|7-T,Y1) 2

[0093] “Wi” in the above expression represents an opera-
tion (effect) of multiplying by the weighting parameter of the
i-th image. Incidentally, the region splitting may either be
performed automatically based on the magnitudes of posi-
tional shifts as explained above or performed by use of
regions specified by the user on a GUL

[0094] FIG. 17 shows an example of a GUI used in this
example for generating the high-resolution ultrasound image
from the ultrasound image group (acquired by changing the
scan condition frame by frame) by the image reconstruction
process, displaying the generated high-resolution ultrasound
image in real time, and setting the scan condition and the
image reconstruction process parameters. The window 1701
is displaying the ultrasound images captured by the ultra-
sound probe in real time. The image capturing frame rate is set
by using the box 1702. The actual image capturing frame rate
is displayed in the window 1701 as indicated by the reference
character 1703. The parameters of the image reconstruction
process are set by using the boxes 1704-1706.

[0095] The size of the output image after the image recon-
struction process is set by using the box 1704. The number of
frame images to be used for the image reconstruction process
is specified by using the box 1705. The scan method is
selected by using the box 1706. When the check box 1707 is
selected, the image capturing is carried out by switching the
scan orientation frame by frame by the interlace method.
When the check box 1708 is selected, the image capturing is
carried out while changing the focal length of the ultrasound
beam frame by frame.

[0096] When the button 1709 is pressed by the user after
setting the parameters of the image reconstruction process,
the image reconstruction process is carried out. The high-
resolution image obtained by the resolution enhancement by
the image reconstruction process is displayed in real time in
the window 1710. The display frame rate is displayed in real
time as indicated by the reference character 1711.

Example 2

[0097] A second example of the image reconstruction pro-
cess in the present invention will be described below referring
to a flow chart of FIG. 7. In this example, the frame rate is
increased by estimating and displaying intermediate frame
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images between the acquired ultrasound images on the tem-
poral axis. In other words, while the example 1 was a process
for increasing the spatial resolution, this example 2 increases
the resolution in the temporal direction by estimating frame
images between the acquired frame images. By this example,
the frame rate can be increased without decreasing the num-
ber of scans per frame (i.e., without deteriorating the spatial
resolution of images).

[0098] At the start of this process flow, the capturing time
interval H of the ultrasound images (image acquisition inter-
val) is acquired (S701). The image acquisition interval H may
either be given manually or figured out from the value of the
requested frame rate. Subsequently, ultrasound images X[t],
X[t-1], X[t-2],. . .are acquired by imaging the test object 100
with the ultrasound probe 103 along a time series at the image
acquisition intervals (S702). The acquired frame images are
stored in the storage unit 123. Subsequently, the magnitudes
of positional shifts between images are calculated similarly to
the example 1 (S704). Subsequently, based on the ultrasound
images and the magnitudes of positional shifts, an ultrasound
image that is supposed to be acquired by imaging the test
object 100 with timing shifted from the capturing timing of
the processing object image by a time shorter than the image
acquisition interval (intermediate frame image) is estimated
(S705) and outputted to the screen (S706). The sequence of
steps S702-S706 is repeated depending on the result of a
termination judgment (S707).

[0099] FIG. 24 shows a flow in a case where the output
frame rate is specified in this process. First, the shift width At
of the intermediate frame image (the image to be estimated)
on the temporal axis is initialized to 0 (52400). Subsequently,
the capturing time interval H of the ultrasound images is
acquired (S2401). The capturing time interval H may either
be set by use of'a manually inputted value or figured out from
an inputted frame rate. Subsequently, a time interval K of
output images is acquired (S2402). Similarly to the capturing
time interval H, the output image time interval K may either
be set by use of'a manually inputted value or figured out from
the requested frame rate. Subsequently, an ultrasound image
X[t] 1s acquired at the capturing time interval H and the time
tis updated as t=t+1 (S2403). The acquired image is stored in
the storage unit 123.

[0100] Subsequently, the magnitudes of positional shifts
between images are calculated similarly to the flow of FIG. 7
(S2404), and the intermediate frame image X[t-At] is esti-
mated based on the magnitudes of positional shifts and the
ultrasound images stored in the storage unit 123 (S2405). In
this step, the acquired ultrasound image can be outputted
directly without estimating the intermediate frame image in
cases where At=0 or At=1. Subsequently. the shift width At on
the temporal axis is updated as At<—At-K/H (52406).

[0101] When the process is continued as a result of a pro-
cess termination judgment (S2407: N), the sign of the shift
width At on the temporal axis is judged (S2408). If the shift
width At is a negative value, the shift width At is updated as
Ate—At+1 (52409) and the process advances to the ultrasound
image X|[t] acquisition step (S2403), otherwise the process
advances to the positional shift calculation step (S2404).
[0102] An example of the result of the processing accord-
ing to this flow is shown in FIGS. 8A-8C. The ultrasound
images 802 and 803 in FIG. 8B are those captured at the
image acquisition interval H along the temporal axis 801. The
ultrasound image 804 is an image as the result of the estima-
tion of the ultrasound image captured at time t-At (At<1) from
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the ultrasound images 802 and 803. The linear-shaped part
that can be seen in the region 805 in the ultrasound image 804
has moved from the upper left toward the lower right between
the ultrasound images 802 and 803. The ultrasound image
804 has been estimated so that the linear-shaped part is situ-
ated at an intermediate position between the two positions in
the ultrasound images 802 and 803.

[0103] As a method for estimating the intermediate frame
image, the magnitudes of positional shifts between the time t
and the time t-1 are calculated first as shown in FIG. 8A
(806). Subsequently, the magnitudes of positional shifts at the
time of the intermediate frame image (like the magnitudes of
positional shifts shown in FIG. 8C) are estimated from the
magnitudes 806 of positional shifts (807). This estimation can
be performed simply by executing linear interpolation to the
calculated magnitudes 806 of positional shifts. Finally, the
intermediate frame image 804 can be generated by conduct-
ing the merging or weighted addition to the pixels of the
acquired ultrasound images 802 and 803 shown in FIG. 8B
based on the estimated magnitudes of positional shifts.
[0104] FIG. 19 shows an example of a GUI used in this
example for estimating the intermediate frame image on the
temporal axis from the captured ultrasound images and
thereby displaying ultrasound images at an increased frame
rate. The window 1901 is displaying the ultrasound images
captured by the ultrasound probe in real time. The image
capturing frame rate is set by using the box 1902. The actual
image capturing frame rate is displayed in the window 1901
as indicated by the reference character 1903. The frame rate
of the output images is set by using the box 1904. This process
is started when the button 1910 is pressed. The reference
character 1905 represents a frame image acquired last (frame
t). The reference character 1906 represents a frame image
(frame t-1) acquired just before the frame image 1905. The
reference character 1907 represents the image of the exactly
intermediate frame on the temporal axis (frame t-0.5) esti-
mated from the frame images 1905 and 1906. The images
obtained by increasing the frame rate by the above process are
displayed in the window 1908 together with the frame rate
1909.

Example 3

[0105] A third example ofthe image reconstruction process
in the present invention will be described below referring to a
flow chart of FIG. 9. In this example, the image reconstruction
process is executed more effectively by switching the scan
condition of the ultrasound probe frame by frame. Since the
image reconstruction process is a process of complementarily
interpolating image information between frames, the resolu-
tion enhancement effect is weak if substantially identical
images are inputted to the image reconstruction process.
[0106] In contrast, this example is characterized in that
ultrasound images differing in the scan condition are acquired
by controlling the ultrasound probe and the image reconstruc-
tion process is executed by using the ultrasound images
acquired under different scan conditions. Specifically, chang-
ing the scan condition allows the ultrasound images to contain
a substantial amount of complementary information, by
which the resolution enhancement effect by the image recon-
struction process can be increased.

[0107] Atthe startofthis process flow, the scan condition of
the ultrasound probe is set by selecting one from previously
prepared scan conditions (S901). Selectable scan conditions
may include the interlace method which alternately switches



US 2015/0272552 Al

between image acquisition exclusively in even-numbered
scan orientations and image acquisition exclusively in odd-
numbered scan orientations frame by frame. In regions in
which the movement is small, the resolution enhancement
can be achieved just by simply overlaying two frame images
acquired by the interlace method.

[0108] Incontrast, whenthe movement is large, a positional
shift called “jitter” can occur at the interfaces between
frames. Also for such jitter, a compensation process can be
conducted by using the magnitudes of positional shifts. [n this
method, the scan orientation switching and the image synthe-
sis are possible also for three or more frames in a similar
mannet.

[0109] A method switching the scan focal length frame by
frame can also be employed as another scan method. Specifi-
cally, if the focal point of the ultrasound beam during the scan
is restricted to a particular position, the image of the other
parts are blurred even though a sharp and clear image can be
acquired for the particular position. Therefore, the tight-fo-
cused image area can be increased by merging (combining)
multiple ultrasound images acquired by changing the scan
focal length frame by frame.

[0110] Subsequently, an ultrasound image X[t] is acquired
by imaging the test object 100 with the ultrasound probe 103
under the selected scan condition along a time series (S902).
The acquired ultrasound images X[t], X[t-1], .. .are stored in
the storage unit 123. Then, the high-resolution ultrasound
image Y[t] of the ultrasound image X|t] is generated from the
ultrasound images by the image reconstruction process
(S904) and displayed (S905). Incidentally, this example is
capable of increasing the spatial resolution of images without
deteriorating the frame rate since the number of scans per
frame is not increased in this example.

[0111] An example of the scan orientation switching and
the result of this process flow are shown in FIGS. 10A-10C. In
this example, one frame image is generated from two frame
images differing in the scan orientation. In F1G. 10A, the scan
orientations 1001-1-1001-5 are those of ultrasound beams
emitted from the ultrasound probe 103 for the first frame,
while the scan orientations 1002-1-1002-4 are those of ultra-
sound beams emitted from the ultrasound probe 103 for the
second frame. In FIG. 10B, the partial images 1003-1-1003-5
represent image data acquired by the scan for the first frame,
while the partial images 1004-1-1004-4 represent image data
acquired by the scan for the second frame. As illustrated in
this example, an ultrasound image 1007 with an improved
resolution with respect to the azimuth direction can be
obtained by complementarily synthesizing image informa-
tion on each frame by integrating the image data of two
frames.

[0112] The ultrasound image 1007 can be generated either
by use of the image reconstruction process by determining the
magnitudes of positional shifts between images similarly to
the example 1 or by simply conducting averaging (arithmetic
mean). For the third frame, an ultrasound image with an
enhanced resolution can be generated similarly to the case of
the first frame, by emitting ultrasound beams in the scan
orientations 1001-1-1001-5 shown in FIG. 10A and integrat-
ing image data acquired in the second frame and the third
frame. Incidentally, while the ultrasound image 1007 shown
in FIG. 10B is obtained by executing this process by use of
ultrasound images after the scan converter in the system con-
figuration shown in FIG. 2, this process may also be executed
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by use of ultrasound images before the scan converter by
employing the system configuration shown in FIG. 1.
[0113] The reference character 1008 in FIG. 10C repre-
sents an example of applying this process to ultrasound
images before the scan converter. In this example, the high-
resolution ultrasound image 1008 is obtained by acquiring
image data of the partial images 1005-1-1005-5 in the first
frame, acquiring image data of the partial images 1006-1-
1006-4 in the second frame, and merging the image data
acquired in the first frame and the image data acquired in the
second frame. While this explanation has been given for two
frames, this process can also be executed for three or more
frames in a similar manner.

[0114] FIG. 11 shows an example of the process for three
frames. In example, the scan orientations 1101-1-1101-3 are
those for the first frame, the scan orientations 1102-1-1102-3
are those for the second frame, and the scan orientations
1103-1-1103-3 are those for the third frame.

[0115] While the scan orientation was changed frame by
frame in the examples explained referring to FIGS. 10A-10C,
an example of acquiring ultrasound images by changing the
focal length of the ultrasound beam frame by frame in the
scan is shown in FIGS. 13A and 13B. In this example, while
the ultrasound beam is emitted in the scan orientations 1301-
1-1301-5 shown in FIG. 13 A, ultrasound images are acquired
in the first frame by focusing the ultrasound beam on the
positions of the circles 1302-1-1302-5, and in the second
frame by focusing the ultrasound beam on the positions of the
circles 1303-1-1303-5.

[0116] Specifically, in an ultrasound image like the one
shown in FIG. 13B, the lower region 1305 becomes sharp and
clear but the upper region 1306 becomes blurry in the first
frame, Similarly, in the second frame, the lower region 1305
of the ultrasound image becomes blurry but the upper region
1306 becomes sharp and clear. As above, the ultrasound beam
has a characteristic in that focusing the ultrasound beam on
one point leads to the blurring of the other parts in the
acquired image. Thus, the focal point of the ultrasound beam
1s generally set substantially at the center of the image so that
the whole image becomes sharp and clear on the average. In
contrast, in the present invention, ultrasound images are
acquired by actively changing the focal position and the
acquired ultrasound images are integrated together. This
makes it possible to acquire a sharp and clear ultrasound
image that is tight-focused throughout the whole image.
[0117] This process can also be applied exclusively to a
region specified by the user as shown in FIGS. 14A and 14B.
In the ultrasound image 1401 shown in FIG. 14A, the refer-
ence character 1402 represents the region (ROI) specified by
the user. In this case, it is possible to capture ultrasound
images by controlling the ultrasound probe 103 and concen-
trating the scan orientations in the ROI 1402 shown in FIG.
14A, like the scan orientations 1403 shown in FIG. 14B.
[0118] This process can also be employed together with the
multi-beam method in which signals are received by simul-
taneously emitting ultrasound beams in two orientations or an
ultrasound beam is emitted in another orientation before a
signal is received by emitting an ultrasound beam in one
orientation.

[0119] FIG. 18 shows an example of a GUI used in this
example for enhancing the resolution of a region specified by
the user (ROI) and displaying the resolution-enhanced image.
The window 1801 is displaying the ultrasound images cap-
tured by the ultrasound probe in real time. The image captur-
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ing frame rate is set by using the box 1802. The actual image
capturing frame rate is displayed in the window 1801 as
indicated by the reference character 1803. The reference
character 1804 represents the region ROl specified by the user
by the mouse clicking, etc. The parameters of the image
reconstruction process are set by using the boxes 1805-1807.
The image magnification factor by the image reconstruction
process is set by using the box 1805. The number of frame
images to be used for the image reconstruction process is
specified by using the box 1806. The scan method is selected
by using the box 1807. When the button 1808 is pressed, the
image reconstruction process is executed exclusively to the
inside of the ROI 1804 and an image with an enhanced reso-
lution is displayed in the window 1809. Incidentally, it is also
possible to concentrate the scan exclusively in the specified
ROI and display only the image of the ROI with an enhanced
resolution.

Example 4

[0120] A fourth example of the image reconstruction pro-
cess in the present invention will be described below referring
to a flow chart of FIG. 15. In this example, ultrasound images
of a test object that moves periodically (e.g., heart) are
acquired by controlling the ultrasound probe by using cycle
information on the periodically moving test object. From the
ultrasound images which have been captured fortwo cycles or
longer, high-resolution ultrasound images for a shorter time
range (e.g.. one cycle) are generated by employing the image
reconstruction process. Since a part like the heart repeats
periodical movement, ultrasound images of such a part cap-
tured at times at the same temporal phase in the repeated
cycles become substantially identical with each other. Thus,
for the same reason as that described in the example 3, the
resolution enhancement effect cannot be expected so much
even if a lot of substantially identical images are inputted to
the image reconstruction process.

[0121] In contrast, the image capturing of the aforemen-
tioned object image and that of the aforementioned past
object image in the present example are carried out under
different scan conditions by changing the scan condition, by
which the ultrasound images are allowed to contain a sub-
stantial amount of complementary information and the reso-
lution enhancement effect by the image reconstruction pro-
cess can be increased.

[0122] At the start of this process flow, the cycle T of the
movement of the test object 100 is acquired (S1501). The
cycle T may either be given manually or calculated automati-
cally from ultrasound images acquired by imaging the test
object 100 for a certain time range. Subsequently, the scan
condition of the ultrasound probe is set by selecting one from
previously prepared scan conditions (S1502). The scan ori-
entation, the scan range, the scan focal length, etc. can be
changed as the selectable scan condition similarly to the
example 3. Subsequently, ultrasound images of the test object
100 are acquired along a time series by using the ultrasound
probe 103 for two cycles or longer by changing the scan
condition frame by frame (51503).

[0123] The scan orientation, the scan range, the scan focal
length, etc. can be changed as the scan condition. The
acquired images are stored in the storage unit 123. As for the
timing for changing the scan condition, the scan condition
may either be changed cycle by cycle or frame by frame as
long as the scan condition differs between two ultrasound
images that are one cycle apart from each other. When a
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termination judgment step (S1505) judges that the image
capturing has not finished, the scan condition selecting step
(81502) and the ultrasound image acquiring step (S1503) are
repeated as a loop. After finishing the image capturing, the
ultrasound images are inputted to the image reconstruction
process, by which high-resolution ultrasound images are gen-
erated (8§1506) and displayed (S1507).

[0124] FIG. 16 shows an example of periodically changing
the scan orientation for a periodically moving test object
according to the flow of FIG. 15. The ultrasound image
1601-1 is a frame image acquired at time t. The ultrasound
image 1601-4 is a frame image acquired one cycle T before
the ultrasound image 1601-1. The ultrasound image 1601-3 is
a frame image acquired at time t-T+1. The ultrasound image
1601-2 is a frame image acquired at time t-T+2. The refer-
ence characters 1602-1-1602-4 represent the scan orienta-
tions at the times of acquisition of the ultrasound images
1601-1-1601-4, respectively.

[0125] FIG. 12A shows an example of acquiring and syn-
thesizing images of a periodically moving test object by
changing the scan range cycle by cycle according to the flow
of FIG. 15. The scan orientations 1201-1-1201-3 are those at
time t. The scan orientations 1202-1-1202-3 are those one
cycle before the scan orientations 1201-1-1201-3. The scan
orientations 1203-1-1203-3 are those two cycles before the
scan orientations 1201-1-1201-3.

[0126] In FIG. 12B, the partial image 1204-1 is an ultra-
sound image acquired with the scan orientations 1201-1-
1201-3, the partial image 1204-2 is an ultrasound image
acquired with the scan orientations 1202-1-1202-3, and the
partial image 1204-3 is an ultrasound image acquired with the
scan orientations 1203-1-1203-3.

[0127] One high-resolution ultrasound image 1204 can be
generated by coupling the partial images 1204-1-1204-3
together. In this image coupling, it is possible to calculate the
average (arithmetic mean) for parts where images overlap
with each other or to execute a correction process to the
interfacial parts (where images are coupled together) with a
diffusing filter (blurring filter) or the like so that the images
are connected seamlessly at the interface.

[0128] FIG. 20 shows an example of a GUI used in this
example for executing the image reconstruction process by
using ultrasound images captured by changing the scan con-
dition by taking advantage of the cycle of the movement of the
test object. The process in this example is not a real-time
process like those explained in the examples 1-3 but a process
of generating a high-resolution ultrasound video offline from
ultrasound images (input ultrasound video) acquired by
imaging the test object for a certain time range.

[0129] The reference character 2001 represents the ultra-
sound video as the object of the processing. The user can
preview the ultrasound video 2001 by using the tool bar 2002
for starting/stopping the playback, changing the playback
position, etc. The reference characters 2003-2007 represent
parameter setting items of the image reconstruction process.
[0130] The size of the output image (video) is set by using
the box 2003. The cycle of the movement of the test object is
set by using the box 2004. The cycle may either be given
manually or calculated automatically from the input ultra-
sound video in response to the pressing of the button 2008 by
the user. The time range of the output video of the image
reconstruction process is set by using the box 2005. The
number of frame images to be used for the image reconstruc-
tion process is set by using the box 2006.
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[0131] The scan method is selected by using the box 2007.
When the check box 2008 is selected, the image capturing is
carried out by switching the scan orientation frame by frame
by the interlace method. When the check box 2009 is selected,
the image capturing is carried out while changing the scan
range frame by frame. When the check box 2010 is selected,
the image capturing is carried out while changing the focal
length of the ultrasound beam frame by frame. When the
button 2011 is pressed by the user after setting the parameters
of the image reconstruction process, the image reconstruction
process is carried out.

[0132] The reference character 2010 represents the high-
resolution ultrasound video outputted by the image recon-
struction process. The user can preview the video by using the
tool bar 2012 for starting/stopping the playback, changing the
playback position, etc. The images 2013-2015 are input ultra-
sound images that are inputted to the image reconstruction
process in regard to the currently displayed output image
(video) 2010. The image 2014 is a frame image one cycle
before the currently displayed output image 2010. The image
2015 is a frame image two cycles before the currently dis-
played output image 2010.

[0133] Incidentally, while some examples in accordance
with the present invention have been described above, the
present invention is not to be restricted to the above particular
illustrative examples but can be implemented in a variety of
modified forms.

APPENDIX 1

[0134] As described above, the present invention provides
an ultrasound image reconstruction method for reconstruct-
ing an ultrasound image of a sample by processing ultrasound
images acquired from a signal generated by scanning the
sample with an ultrasound signal by use of an ultrasound
probe and receiving a reflected wave from the sample, com-
prising the steps of: extracting an ultrasound frame image at
a certain time point and an ultrasound frame image at a time
point before the certain time point from a series of ultrasound
frame images constituting the ultrasound images acquired by
the imaging; calculating magnitudes of positional shifts
between the extracted ultrasound frame image at the certain
time point and the extracted ultrasound frame image at the
time point before the certain time point; and reconstructing a
composite ultrasound image for one frame by compensating
for the positional shifts between the extracted ultrasound
frame image at the certain time point and the extracted ultra-
sound frame image at the time point before the certain time
point by use of information on the calculated magnitudes of
positional shifts and merging the extracted ultrasound frame
image at the certain time point and the extracted ultrasound
frame image at the time point before the certain time point
together.

APPENDIX 2

[0135] The present invention also provides the ultrasound
image reconstruction method as written in the appendix 1,
wherein the ultrasound frame image at the certain time point
and the ultrasound frame image at the time point before the
certain time point are ultrasound images acquired in states
differing in the scan condition for the scanning of the sample
with the ultrasound signal by use of the ultrasound probe.
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APPENDIX 3

[0136] The present invention also provides the ultrasound
image reconstruction method as written in the appendix 1,
wherein the ultrasound frame image at the certain time point
and the ultrasound frame image at the time point before the
certain time point are ultrasound images acquired by per-
forming the scan in states differing in at least one of the scan
orientation and the scan focal length for the scanning of the
sample with the ultrasound signal by use of the ultrasound
probe.

APPENDIX 4

[0137] The present invention also provides the ultrasound
image reconstruction method as written in the appendix 1,
wherein the merging of the ultrasound frame image at the
certain time point and the ultrasound frame image at the time
point before the certain time point after undergoing the posi-
tional shift compensation is executed by splitting each of the
ultrasound frame image at the certain time point and the
ultrasound frame image at the time point before the certain
time point into local regions, setting a weighting parameter
varying from region to region for each of the locally split
regions, and incorporating each region into the image recon-
struction process so that a region having a greater weight is
incorporated more into the result of the image reconstruction
process.

APPENDIX 5

[0138] The present invention also provides the ultrasound
image reconstruction method as written in the appendix 1,
wherein a composite ultrasound image for one frame at a time
point between the certain time point and the time point before
the certain time point is estimated and generated by merging
the extracted ultrasound frame image at the certain time point
and the extracted ultrasound frame image at the time point
before the certain time point after undergoing the positional
shift compensation together.

APPENDIX 6

[0139] The present invention also provides the ultrasound
image reconstruction method as written in the appendix 1,
wherein: the sample is one that moves periodically, and the
images acquired by the imaging are ultrasound images
acquired by scanning the sample for a time longer than or
equal to twice the cycle of the periodical movement of the
sample under scan conditions varying cycle by cycle, and the
extraction of the ultrasound frame image at the certain time
point and the ultrasound frame image at the time point before
the certain time point is extraction of the ultrasound frame
image at the certain time point and an ultrasound frame image
at a time point one cycle before the certain time point.

INDUSTRIAL APPLICABILITY

[0140] The present invention can be employed for ultra-
sound diagnostic devices which acquire images by transmit-
ting and receiving an ultrasonic wave to/from a test object. In
particular, the present invention can be employed for ultra-
sound diagnostic devices equipped with an ultrasound image
reconstruction method for executing a process for enhancing
the spatial resolution or the temporal resolution to acquired
images by means of image processing.
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DESCRIPTION OF REFERENCE CHARACTERS

[0141] 100 test object

[0142] 101 ultrasound diagnostic device
[0143] 102 driving circuit unit

[0144] 103 ultrasound probe

[0145] 104 reception circuit unit

[0146] 105 image generating unit
[0147] 106 image processing unit
[0148] 112 scan converter

[0149] 113 display unit

[0150] 120 control/storage/processing unit
[0151] 121 input unit

[0152] 122 control unit

[0153] 123 storage unit

[0154] 124 processing unit

What is claimed is:

1. An ultrasound diagnostic device comprising:

an image acquisition unit to acquire time-sequentially
images in a predetermined interval from signals which
receive a reflected wave from a sample scanned with an
ultrasound signal by an ultrasound probe;

a displacement amount calculator to calculate a first dis-
placement amount between neighboring time-sequen-
tially images from a first image at a first time point and
second image at a second time point which is before the
first time point;

an intermediate image generator to generate intermediate
image at a certain time point between the second time
point and the first time point, and the intermediate image
is generated from the first image, the second image, and
a second displacement amount at the certain time point
calculated based on the first displacement; and

a display unit to subsequently display the second image,
the intermediate image, and the first image, and

the first displacement amount and the second displacement
amount are plural based on a difference of position, and
are represented with a vector distribution.

2. The ultrasound diagnostic device according to claim 1,
wherein frame rate of images displayed at the display unit is
higher than images acquired at the image acquisition unit.

3. The ultrasound diagnostic device according to claim 2,
wherein the intermediate image is generated based of the first
image entirely and the second image entirely,

and wherein the display unit subsequently displays the
second image entirely, the intermediate image entirely,
and the first image entirely.

4. The ultrasound diagnostic device according to claim 1,
wherein the second displacement amount is calculated by the
linear interpolation.

5. The ultrasound diagnostic device according to claim 1,
wherein the intermediary image generator generates the inter-
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mediate image by pasting pixels of the second image and the
first image, or by subjecting the pixels to weighted summa-
tion.

6. The ultrasound diagnostic device according to claim 1,
wherein the certain time point can be manually input.

7. The ultrasound diagnostic device according to claim 1,
wherein the certain time point is calculated from the frame
rate of images displayed at the display unit.

8. A method of generating an intermediate image of an
ultrasound image comprising the steps of:

first step of acquiring time-sequentially images in a prede-

termined interval from signals which receive a reflected
wave from a sample scanned with an ultrasound signal
by an ultrasound probe;
second step of calculating a first displacement amount
between neighboring time-sequentially images from a
first image at a first time point and second image at a
second time point which is before the first time point;

third step of generating intermediate image at a certain
time point between the second time point and the first
time point, and the intermediate image is generated from
the first image, the second image, and a second displace-
ment amount at the certain time point calculated based
on the first displacement; and

forth step of displaying the second image, the intermediate

image, and the first image subsequently, and

the first displacement amount and the second displacement

amount are plural based on a difference of position, and
are represented with a vector distribution.

9. The method of generating an intermediate image of an
ultrasound image according to claim 8, wherein frame rate of
images displayed at a display unit is higher than images of the
first step.

10. The method of generating an intermediate image of an
ultrasound image according to claim 9, wherein the third step
generates intermediate image entirely by using a first image
entirely and the second image entirely.

11. The method of generating an intermediate image of an
ultrasound image according to claim 8, wherein the second
displacement amount is calculated by the linear interpolation.

12. The method of generating an intermediate image of an
ultrasound image according to claim 8, wherein the third step
pasts pixels of the second image and the first image, or sub-
jects the pixels to weighted summation.

13. The method of generating an intermediate image of an
ultrasound image according to claim 8, wherein the certain
time point is manually inputted.

14. The method of generating an intermediate image of an
ultrasound image according to claim 8, wherein the certain
time point is calculated from the frame rate of images dis-
played at a display unit.

I S I
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